Extraintestinal pathogenic Escherichia coli (ExPEC) is capable of colonizing outside of the intestinal tract and evolving into a systemic infection. Avian pathogenic E. coli (APEC) is a member of the ExPEC group and causes avian colibacillosis. TransfermRNA-small protein B (tmRNA-SmpB)-mediated trans-translation is a bacterial translational control system that directs the modification and degradation of proteins, the biosynthesis of which has stalled or has been interrupted, facilitating the rescue of ribosomes stalled at the 3= ends of defective mRNAs that lack a stop codon. We found that disruption of one, or both, of the smpB or ssrA genes significantly decreased the virulence of the APEC strain E058, as assessed by chicken infection assays. Furthermore, the mutants were obviously attenuated in colonization and persistence assays. The results of quantitative real-time reverse transcription-PCR analysis indicated that the transcription levels of the transcriptional regulation gene rfaH and the virulence genes kpsM, chuA, and iss were significantly decreased compared to those of the wild-type strain. Macrophage infection assays showed that the mutant strains reduced the replication and/or survival ability in the macrophage HD11 cell line compared to that of the parent strain, E058. However, no significant differences were observed in ingestion by macrophages and in chicken serum resistance between the mutant and the wild-type strains. These data indicate that the tmRNA-SmpB system is important in the pathogenesis of APEC O2 strain E058.
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E
scherichia coli is a diversified bacterial species and is probably one of the most widespread microbes on earth. E. coli, which is known to colonize the intestinal tract with no harmful effects or cause systemic infections in the host (1, 2) , can be classified into three groups: nonpathogenic E. coli, intestinal pathogenic E. coli, and extraintestinal pathogenic E. coli (3) . Avian pathogenic E. coli (APEC) strains cause one of the most significant extraintestinal infections (4) , which take many forms and are collectively termed colibacillosis. Such strains are responsible for serious economic losses to the poultry industry (5) .
E. coli has diverse serotypes, the most frequently observed in APEC being O1, O2, and O78 (6), although the order of prevalence varies in different countries and farms (7) . APEC attach and colonize the respiratory tract and evolve into systemic infections. These generalized infections employ a variety of pathogenic mechanisms, which are categorized as adhesion, iron acquisition, hemolysis, and protection from bactericidal host factors, and toxin production (8, 9) .
Quality control during protein synthesis is important for the maintenance of both the speed and fidelity of gene expression. Transfer-messenger RNA (tmRNA) is a small stable RNA molecule also known as SsrA or 10Sa RNA. In E. coli, the mature SsrA transcript consists of 363 nucleotides (10) . The tmRNA acts as both a tRNA and an mRNA, which, in collaboration with small protein B (SmpB), plays a key role in protein quality control (11, 12) . SmpB is a tmRNA-binding protein that is encoded immediately upstream of ssrA in E. coli (13) . SsrA activity depends on four proteins: SmpB, elongation factor Tu (EF-Tu), elongation factor G (EF-G), and ribosomal protein S1 (12, (14) (15) (16) .
The tmRNA-SmpB-mediated trans-translation is a bacterial translational control system that directs the modification and degradation of proteins, the biosynthesis of which has stalled or has been interrupted leading the rescue of ribosomes stalled at the 3= ends of defective mRNAs lacking a stop codon, also known as "non-stop mRNAs" (11, 12, 17) . smpB and ssrA genes have been found in almost all species in the bacterial kingdom examined to date (18) (19) (20) .
E. coli has long been used as a living model for investigation of the tmRNA-SmpB system, and it has become increasingly clear that the rescue of ribosomes stalled at non-stop mRNAs occurs via three mechanisms. The classical tmRNA-SmpB system is considered to be the typical bacterial system; in addition, two additional backup systems that perform this function have been identified in E. coli (21) (22) (23) (24) (25) (26) .
Translational problems occur fairly frequently, and the tm-RNA-SmpB system plays a key role in intracellular protein quality control; therefore, it is unsurprising that this system plays an important role in bacterial pathogenesis, although the underlying mechanism remains to be fully elucidated. Previous studies have shown that the SmpB-SsrA system plays a critical role in Salmonella pathogenesis through controlling the expression of virulence factors and improving the ability of this organism to survive within macrophages (27, 28) . The deletion of ssrA significantly decreased the virulence of Salmonella enterica, as assessed in a mouse model (28) . smpB-ssrA mutants of Yersinia pestis and Yer-sinia pseudotuberculosis exhibit abolished virulence compared to the wild-type (29, 30) . Furthermore, the smpB-ssrA mutant of Y. pestis induced a strong antibody response in a mouse model and functions as a candidate live attenuated vaccine against pulmonary plague infection (30) .
In the present study, we assessed the contribution of the tmRNA-SmpB system to the virulence of APEC O2 strain E058 by evaluating the pathogenicity of the single mutants E058⌬smpB and E058⌬ssrA, the double mutant E058⌬smpB⌬ssrA, and their parental strain E058 both in vitro and in vivo. We demonstrated that mutant strains have significantly decreased levels of virulence. Consistent with these observations, we confirmed that the tmRNA-SmpB system affected the transcription of the antiterminator, RfaH, and several more important virulence factors in APEC.
MATERIALS AND METHODS
Bacterial strains, primers, and growth conditions. The strains and plasmids used in the present study are listed in Table 1 . The oligonucleotide primers are listed in Table S1 in the supplemental material. Bacteria were routinely cultured at 37 or 42°C in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl) or LB plates containing 1.5% agar. Ampicillin (60 g/ml), kanamycin (50 g/ml), and chloramphenicol (30 g/ml) were added to the media when appropriate.
Construction of deletion mutants. The smpB and ssrA genes are located adjacent to each other in the genome of APEC strain E058 and separated by a sequence of 214 nucleotides. The ssrA gene nucleotide sequence exhibits complete homology with that of E. coli K-12 W3110 and E. coli K-12 MG1655. The smpB gene nucleotide sequence harbors 100% homology with that of APEC strain O1:K1:H7 (GenBank accession number NC_008563). Deletion of smpB and ssrA from the chromosome of APEC E058 was performed using allelic exchange based on the Lambda Red recombinase system (31, 32) . A 146-bp fragment of smpB was substituted with the kanamycin resistance gene (kan) and half of the entire ssrA gene was replaced by the chloramphenicol (cat) cassette. Strain E058⌬smpB was constructed as follows: the smpB fragment containing an introduced EcoRI site was amplified by PCR using the primers smpB-F and smpB-R (see Table S1 in the supplemental material) and cloned into the pMD18-T simple vector to form pMD-T-smpB. To insert the kan resistance cassette into the DNA segment, the reverse PCR product containing an introduced PstI site was amplified by PCR from pMD18-TsmpB using the primers smpB-R-F and smpB-R-R (see Table S1 in the supplemental material). To generate pMD18-T-smpB::kan, both the reverse PCR product and the pUC4K plasmid were digested with PstI and ligated. The same method was used to construct pMD18-T-ssrA and pMD18-T-ssrA::cat. The chloramphenicol (cat) resistance cassette was obtained from pKD3. The cat cassette was then introduced into the ssrA gene at the EcoRI and EcoRV sites. E058 was initially electroporated with pKD46 to express Red recombinase. We constructed the E058⌬smpB::kan and E058⌬ssrA::cat mutants and E058⌬smpB⌬ssrA double mutants as described previously. All mutations were confirmed by DNA sequencing and reverse transcription-PCR (RT-PCR) analysis.
Complementation of E058⌬smpB⌬ssrA. To complement the mutant, we created a complementation plasmid, designated pGEM-T-Easy-BA. In this process, the entire smpB and ssrA genes and a 608-nucleotide region upstream of smpB, including its native putative promoter, was amplified and cloned into the pGEM-T Easy vector using the primers ReBA-F and ReBA-R (see Table S1 in the supplemental material). Incorporation of the DNA fragment into the plasmid was verified by PCR and DNA sequencing. The recombinant plasmid pGEM-T-Easy-BA was then purified and transformed into the mutant strain E058⌬smpB⌬ssrA.
Chicken infection assays. The virulence of APEC E058 and its mutants was assessed in vivo in a 1-day-old specific-pathogen-free (SPF) chickens (White Leghorn; Jinan SPAFAS Poultry Co., Ltd., Jinan, China) challenge model performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals (approved by the State Council on 31 October 1988). Cultures of the wild-type strain and its mutants, as well as the complementation strain, were grown to logarithmic phase at 37°C. The bacteria were then collected, washed twice, and suspended in phosphate-buffered saline (PBS) prior to dilution to an appropriate optical density at 600 nm. Groups of 10 birds were challenged via the air sac with 0.1 ml of each culture suspension containing 10 7 CFU of bacteria. The number of bacteria contained in the inoculum was confirmed by culture of serial dilutions on LB agar plates. Five chickens were inoculated with PBS as a negative control. Survival among the infected chickens was monitored twice daily until 7 days postchallenge.
Bacterial colonization and persistence assays. For colonization and persistence assays, a total of 15 5-week-old SPF chickens were challenged via the left thoracic air sac with the wild-type, mutant, and complementation strains. Each bird was inoculated with a bacterial suspension containing 10 8 CFU. Infected chickens were sacrificed at 24 h postinfection by CO 2 asphyxiation. The cardiac blood, liver, spleen, lungs, and kidneys were individually and aseptically collected, weighed, and homogenized in 1 ml of PBS. Serial dilutions of homogenates were spread onto LB plates and incubated at 37°C for 18 h for CFU counting.
Bactericidal activity of SPF chicken serum assays. Complement-sufficient SPF chicken serum was prepared and pooled. The bactericidal activity assay was performed in a 96-well plate. Cultures of the wild-type, mutant, and complementation strains were grown to log phase in LB medium at 37°C. Bacteria were then collected, washed twice, and suspended in PBS (pH 7.2). Each culture suspension (0.01 ml containing 10 6 CFU bacteria) was inoculated into the 96-well plate containing 190 l of the 100% SPF chicken serum or heat-inactivated SPF chicken serum, and then incubated at 37°C for 1 h. Serial dilutions (1:10) of the contents of each well were plated onto LB agar plates and incubated for 24 h at 37°C for CFU counting. This assay was repeated at least three times on at least two separate occasions.
Macrophage ingestion and intracellular replication assays. The avian macrophage cell line HD11 was cultured in Dulbecco modified Eagle medium (HyClone, USA) containing 4.0 mM L-glutamine and 4,500 mg of glucose/liter and supplemented with 10% fetal bovine serum (HyClone) in a humidified incubator with 5% CO 2 at 41.5°C. HD11 cells were seeded into 24-well tissue culture plates (2 ϫ 10 5 cells/well) 24 h prior to infection. Meanwhile, cultures of the wild-type, mutants, and complementation strains were grown to log phase in LB medium at 37°C. Bacteria were then collected, washed twice, and suspended in PBS prior to inoculation of HD11 cells at a multiplicity of infection of 100 (2 ϫ 10 7 CFU/well). Plates were centrifuged for 10 min to facilitate interactions between the bacteria and macrophage cells. After centrifugation, the plates were incubated for 2 h to allow ingestion at 41.5°C in 5% CO 2 . To kill extracellular bacteria, HD11 cells were washed twice with PBS and then incubated for 1.5 h in the appropriate cell culture medium containing 100 g of gentamicin/ml (time point, 0 h). The culture medium was collected, and the CFU represented the 0-h control. To liberate intracellular bacteria, monolayer cells were washed three times with PBS and lysed with 0.1% Triton X-100 in PBS. The lysates were collected in 1.5-ml tubes and vortexed. Serial dilutions of each sample were plated onto LB agar plates, and the resulting colonies were counted after 24 h of incubation at 37°C.
For determination of intracellular replication, HD-11 cells were washed three times with PBS, and fresh medium containing 10 g of gentamicin/ml was added after incubation for 1.5 h in the appropriate cell culture medium containing 100 g of gentamicin/ml. Samples were taken for the enumeration of intracellular bacteria and determination of intracellular replication at 2, 6, 12, and 24 h postinfection. Intracellular growth was expressed as the change (n-fold) in the bacterial number at a given time point relative to the internalized bacteria at 0 h postinfection.
Quantitative real-time PCR. The wild-type E058 and E058⌬smpB⌬ssrA strains were grown to log phase in LB medium at 37°C, collected, washed twice, and suspended in PBS. Total RNA was isolated using an RNAiso Plus kit (TaKaRa, Dalian, China) according to the manufacturer's recommendations, and genomic DNA was removed with gDNA Eraser at 42°C for 2 min. Then, 1 g of RNA was used to synthesize cDNA using the PrimeScript RT reagent kit (TaKaRa) according to the manufacturer's instructions. Quantitative analysis of cDNAs was performed with a LightCycler instrument using SYBR green I DNA binding dye (Roche Applied Sciences, USA) to detect PCR products. The PCR mixture was prepared using a Fast Start Essential DNA Green Master kit (Roche) according to the manufacturer's instructions. Virulence genes, including the regulatory gene rfaH (33), the siderophore receptor gene iroN (34) , the capsule gene kpsM (35) , the ferric aerobactin uptake gene iutA (36) , the hemin uptake gene chuA (37) , and the serum survival gene iss (38) were investigated in both the wild-type and isogenic E058⌬smpB⌬ssrA mutant strains by quantitative real-time PCR. Nonvirulence genes were amplified using gene-specific primers (see Table S1 in the supplemental material). These included mreD that encodes MreD, which is required to maintain the shape of rod-shaped bacteria (39) , murC that encodes MurC as an ATP-dependent ligase involved in the biosynthesis of peptidoglycan (40) , and ftsK, which encodes FtsK as an important cell division protein (41) . The parameters for the amplification were as follows: initial preincubation at 95°C for 10 min, followed by 37 cycles each consisting of 15 s at 95°C, 10 s of annealing at 60°C, and 15 s of extension at 72°C. The parameters were determined by melting-curve analysis. A standard curve was generated from dilutions of the wildtype strain ranging from 10 Ϫ2 to 10 Ϫ7 . The transcription levels of the target genes were calculated using the "2⌬C T " (treated Ϫ untreated) method relative to that of the gapA gene internal normalization control.
Statistical analysis. The significance of differences between groups was analyzed using the Prism software program (GraphPad). The MantelCox log rank test was utilized to analyze chicken survival rates and the Mann-Whitney test was used to analyze bacterial colonization in tissues.
RESULTS
The smpB-ssrA mutants were constructed correctly in APEC E058. RT-PCR analysis showed that neither the smpB nor the ssrA genes were normally transcribed in the mutant strains, whereas the upstream and downstream genes were not influenced compared to the parental strain E058 (Fig. 1) . Growth curve analysis revealed no significant differences between the wild-type, mutant, and complementation strains when cultured in LB broth at 37 and 42°C (data not shown).
The E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants of APEC E058 are significantly attenuated. Birds infected with E058 exhibited 100% mortality within 1 day postchallenge (Fig. 2) . In contrast, chickens infected with the E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants exhibited 40% mortality within 3 days postchallenge (P Ͻ 0.0001), demonstrating that the virulence of the mutants was significantly decreased compared to that of APEC E058. Chickens infected with the complementation strain exhibited symptoms of infection as early as 1 day postinfection, and the mortality reached 80% by 3 days postinfection. This indicated that the virulence phenotype of the complementation strain was restored to a significant level (P ϭ 0.0118) (Fig. 2) . smpB and ssrA were vital for colonization and persistence in vivo. High levels of bacteria E058 were detected in all of the tissues after 24 h. In contrast, the levels of mutants detected in these tissues were low or undetectable. Chickens challenged with the wild-type strain E058 developed severe systemic infection while the mutants did not exhibit symptoms of disease. In addition, compared to the wild-type strain, the bacterial burden in the cardiac blood, liver, lungs, and kidneys of birds infected with the E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants was ϳ10 5 -fold lower than that of the parental E058 strain (Fig. 3A , B, D, and E), whereas that detected in the spleen was ϳ10 4 -fold lower (all P Ͻ 0.0001) (Fig. 3C) . A complementation strain was generated to verify that the influence of the smpB and ssrA genes on virulence was direct and not a result of a secondary mutations. The results showed that similar numbers of colonies were recovered from the liver (Fig. 3B), spleen (Fig. 3C), and lungs (Fig. 3D ) (P Ͼ 0.05) of birds inoculated with the ReE058⌬smpB⌬ssrA complementation strain and the wild-type strain. However, the numbers of incomplete samples recovered from the cardiac blood and kidneys were significant ( Fig. 3A and E) (P Ͻ 0.05).
smpB and ssrA were unnecessary for serum resistance of APEC E058. E058, E058⌬smpB, E058⌬ssrA, E058⌬smpB⌬ssrA, and ReE058⌬smpB⌬ssrA strains all rapidly adapted to growth in the presence of chicken serum, and the number of cells almost increased by 1.6-fold compared to that of the initial inoculation (data not shown).
The E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants exhibited reduced replication ability in macrophage cells compared to E058. At 0 h, the control did not have bacteria in plates, which demonstrated that gentamicin can completely kill the extracellular bacteria. HD11 cells internalized almost equivalent numbers of E058 (1.58 ϫ 10 4 CFU/well), E058⌬smpB (1.69 ϫ 10 4 CFU/well), E058⌬ssrA (1.61 ϫ 10 4 CFU/well), E058⌬smpB⌬ssrA (1.65 ϫ 10 4 CFU/well), and Re⌬smpB⌬ssrA (1.41 ϫ 10 4 CFU/well) bacteria at 0 h of infection (Fig. 4) .
Subsequent enumeration of intracellular bacteria at 2, 6, 12, and 24 h postinfection revealed that wild-type bacteria adapted to growth in macrophages by 2 h postinfection, with the numbers reached to 1.28-, 1.75-, 3.12-, and 5.43-fold at 2, 6, 12, and 24 h, respectively, compared to that at 0 h. At these four time points, the numbers of E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutant cells increased slowly, reaching a 1.5-fold increase at 24 h compared to that at 0 h (Fig. 4) .
The tmRNA-SmpB system affected the transcription of some virulence genes. The transcription levels of rfaH, iroN, kpsM, iutA, chuA, iss, mreD, murC, and ftsK were quantified by quantitative RT-PCR (qRT-PCR). The transcription levels of rfaH, kpsM, chuA, iss, and mreD were significantly decreased in the E058⌬smpB⌬ssrA mutant by 0.42, 0.48, 0.16, 0.22, and 0.55 times, respectively (P Ͻ 0.01). However, no significant differences were detected in the levels of iroN, iutA, murC, and ftsK between the two strains (Fig. 5) .
DISCUSSION
In this study, we demonstrated that the smpB and ssrA genes play an important role in the pathogenicity of avian pathogenic Escherichia coli. In a chicken challenge model, the E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants of APEC E058 were shown to be significantly attenuated. E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutant cells were defective in colonization and persistence in vivo and exhibited impaired replication ability in macrophage HD11 cells compared to the E058 parental strain. Furthermore, the smpB and ssrA genes reduced transcription of some genes.
The tmRNA-SmpB system plays a key role in intracellular protein quality control and also provides a mechanism by which aberrant mRNAs are cleared from stalled ribosomes. To date, three mechanisms have been demonstrated in Escherichia coli for the rescue of ribosomes stalled by non-stop mRNAs. The tmRNASmpB system is considered to be the classical mechanism. When trans-translation activity is limiting, ArfA, a small putative protein of the ydhL gene, functions as a backup system that binds nonstop translation complexes and recruits release factor 2 (RF-2) to hydrolyze the peptidyl-tRNA, thus rescuing the stalled ribosomes (21, 23, 42) . The third mechanism involves the hydrolysis and release of the peptidyl-tRNA of ribosomes stalled at the 3= ends of non-stop mRNAs by ArfB, a conserved hypothetical protein product of the yaeJ gene (25) . This may explain why the ssrA gene is not essential for viability in E. coli under normal laboratory conditions, whereas it is essential in some bacterial species, which do not have alternative ribosome rescue mechanisms (43) (44) (45) (46) .
Interestingly, equivalent decreases in the virulence level of E058 were observed in colonization and persistence in vivo assays of both single-and double-deletion mutants (Fig. 3) . Furthermore, although smpB is essential for the peptide-tagging activity of ssrA (12) , no synergy in the effects of the deletions was observed in CFU of the wild-type, mutant, and complementation strains. The survival of birds was monitored for 7 days postinfection. The data were analyzed by the Mantel-Cox log rank test (*, P Ͻ 0.02; ***, P Ͻ 0.0001).
chickens infection assays (Fig. 2) . This phenomenon remains to be explained.
E. coli has developed complex mechanisms to survive and proliferate inside the host (47) (48) (49) (50) . APEC must escape a multitude of host defense mechanisms in order to cause septicemia. Phagocytosis is one such mechanism, which is essential in guarding against, and disposing of, facultative intracellular pathogens such as Yersinia (51, 52) . It is well documented that smpB-ssrA mutants of several strains are impaired in intracellular survival and/or replication within macrophages (27, 29) . Our investigation revealed that, although equal numbers of wild-type and mutant bacteria were phagocytosed by HD11 macrophage cells, the E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants exhibited restricted ability to proliferate and/or survive within HD11 cells compared to the wild-type strain (Fig. 4) , reaching a significant difference at 24 h. These results showed that the tmRNA-SmpB system influences the survival and/or replication in macrophages of APEC E058.
Serum complement and bactericidal effects represent another such mechanism. Indeed, serum resistance has been shown to be an important virulence trait of APEC (53) . The increased serum survival gene iss has been shown to be associated with APEC complement resistance and pathogenicity (38, 54) . Although smpB and ssrA mutations in most bacterial species may not be associated with growth defects under normal laboratory conditions, it is apparent that mutant cells become sensitive in their ability to adapt and survive in hostile environments. For example, destruction of the tmRNA-SmpB system renders cells more sensitive to translation-specific inhibitors, as well as oxidative and nitrosative stress (29, 55, 56) . Our results showed that E058⌬smpB, E058⌬ssrA, and E058⌬smpB⌬ssrA mutants can rapidly adapt to SPF chicken serum and have no significant bactericidal effects (data not shown), whereas the transcription level of iss in the E058⌬smpB⌬ssrA mutant was downregulated compared to that of the wild-type strain (Fig. 5) . This result suggests that other genes contribute to APEC serum resistance and that the presence of multiple alternative mechanisms mediate APEC pathogenicity.
Additional functions of the tmRNA-SmpB system in bacterial pathogenesis can be illustrated by alteration in the expression of virulence genes. smpB-ssrA mutants of Salmonella are reported to be ϳ200-fold less virulent than the wild type due to the deregulated expression of several genes (28) . Bacterial gene expression is frequently regulated at the level of transcription. A number of recent reports have suggested that the tmRNA-SmpB system plays a regulatory role through regulatory factors (57) . These factors might include transcriptional activators and repressors (20, 29, 56, (58) (59) (60) . Activators and repressors exert their control at the level of transcriptional initiation (58) . Transcript elongation is controlled by intricate termination/antitermination mechanisms (61) . RfaH is a bacterial virulence regulator that functions as a transcriptional antiterminator (33, (62) (63) (64) (65) . Our qRT-PCR results observed that the E058⌬smpB⌬ssrA mutant had significantly reduced levels of rfaH mRNA (Fig. 5) . One possible explanation for the reduced synthesis of the E058⌬smpB⌬ssrA strain was the lack of requisite intracellular concentrations of essential regulatory factors, thereby reducing the ability of the regulator to influence gene expression.
We then evaluated the expression of several important genes associated with virulence in extraintestinal pathogenic E. coli that are clustered into long operons and regulated by RfaH, comprising the capsule gene kpsM, the ferric aerobactin uptake gene iutA, and the hemin uptake gene chuA. We found that the E058⌬smpB⌬ssrA mutant had significantly reduced levels of kpsM and chuA mRNA transcripts. However, the level of iutA was not significantly affected compared to the wild-type strain. We found that chuA and kpsM were regulated by rfaH in APEC (33) . Based on the results of the present study, we inferred that the RfaH might affect the expression of kpsM and chuA in the E058⌬smpB⌬ssrA mutant. For genes that were not related to virulence, we found that the transcription levels of mreD were significantly decreased, but murC and ftsK were not affected by smpB and ssrA (Fig. 5) . These results showed that the tmRNASmpB system influences the transcription not only of virulence genes but also other genes not related to the virulence of APEC E058.
To date, the pathway by which the tmRNA-SmpB system directly or indirectly affects the expression of some genes is unknown. It can be speculated that the tmRNA-SmpB system selectively regulates the expression of some genes (28, 29) . The possible model is that the tmRNA-SmpB system exerts its effect through tagging a key factor for direct degradation (29, 56, 59) , thereby controlling its intracellular concentrations. If these functions are insufficient in an E058⌬smpB⌬ssrA strain, the subsequent imbalance results in downstream effects that directly or indirectly affect the expression of other genes.
The activity of tmRNA has been examined in only a few pathogens thus far; however, in E. coli, ca. 2 to 4% of all protein chains are tagged by the tmRNA system (66) , indicating that the tmRNASmpB system plays an important and general role in bacterial pathogenesis (67) . In bacteria, the tmRNA quality control system is the primary mediator of ribosome rescue and thus is critical for several aspects of bacterial fitness, including growth and development, stress responses, and pathogenesis (29, 68, 69) . Further investigations are required to fully elucidate the mechanism by which the tmRNA-SmpB system influences the pathogenesis of APEC. 
